ABSTRACT
INTRODUCTION

The Shape from Shading (SFS) problem can be described as acquiring 3D information about a surface from the intensity values of a single image. 1 Three dimensional surface acquisition has applications in the computer vision, archaeological, medical, and entertainment fields because it provides a way to study, interact, visualize, and manipulate computational representations of real data. The simple, cheap, fast features of SFS techniques make it very attractive to sectors of industry that cannot afford expensive range scanners.
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In general, SFS techniques work by using intensity values of an image to infer 3D information. This is the inverse of light models, which take 3D information and produce intensity values. For example, the popular Phong
Model separates the total intensity visible from an object into an ambient glow, diffuse shading, and specular highlights, 3 each produced by a relationship between properties of the incoming light and the 3D scene. In order to simplify the SFS problem, most techniques only address the diffuse component and thus are only applicable to lambertian reflectors. 4 In brief, SFS solves for depth by using the diffuse intensity value (given by I = L · N , 3 [5] [6] [7] [8] [9] A stereo pair of images of a vase with multiple materials. This is a sample input to our algorithm. Resulting reconstructions can be seen in Figure 3 SFS approaches would not provide good solutions for images like the one in Figure 1 17 
where I is the final intensity value, L is a 3D vector representing the direction of the incoming light, and N is the normal at that location on the surface). Assuming that light direction and at least one normal is known, the value of neighboring normals can be computed using the light direction and corresponding intensity values from an image. Then, using the computed normals for each point, depth can be computed and used to construct a 3D surface. However, SFS techniques that acquire 3D information autonomously from a single 2D image are not without their challenges.
Some of the major challenges that modern SFS techniques face are: light orientation with respect to the camera, perspective versus orthographic cameras, ambiguity (whether a surface region is convex or concave), multiple material surfaces, and specular highlights. The first two challenges have been addressed in previous research
PREVIOUS WORK
Their method, dubbed Fast Marching SFS (FM-SFS), is able to achieve extremely promising results (refer to Figure 3) with complexity of O (N log N), where N is the number of pixels in an image
. 17 The algorithm works as follows: 
The algorithm is initialized by adding a single point to a minimum depth sorted priority queue. This initial point is said to be the peak which is the highest point on the surface. The algorithm then loops through the remaining steps until the queue is empty.
Remove the head of the queue and compute the depths of its unprocessed neighbors by adding the change in depth of the neighboring pixel to the depth of the head. Where the change in depth is
Solving the Challenge of Ambiguity
Solving the Challenge of Multiple Materials
To address the fact that a surface may be composed of multiple materials (i.e. surfaces with starkly contrasting color values like those in Figure 1), our algorithm uses image segmentation to separate a surface into multiple regions. We then modify our SFS algorithm for each region to ensure that the transitions between materials are smooth. The FM-SFS algorithm used by our algorithm relies on an equation that relates intensity values to change in depth (see Equation 1). Intensity values in this equation can be constrained to range from one
Using Stereopsis to Solve the Challenge of Ambiguity : (a) Input image of a vase. (b) Surface constructed through the help of user input. (c) Surface constructed autonomously using stereopsis to determine peak depths. to zero. For completely lambertian surfaces this equation works well since intensity values of one correspond to flat regions. However, for darker materials the maximum intensity is less than one. This poses a problem for SFS algorithms since an intensity less than one implies that the region is sloped. Our technique solves this problem by shifting the intensities for a given region to always have a range from one to zero, which then forces the brightest point of any material to correlate to a flat region.
The preprocess to our FM-SFS technique proceeds as follows.
Perform image segmentation to separate the image into materials. See Section 3.2.1.
When the segmentation creates a new material, compute the maximum intensity for that material. See Section 3.2.2.
Use the maximum intensity for each material and compute transformed intensity values for each region.
Once this process is completed the resulting image will have all intensity values based on a range from one to zero.
Image Segmentation
In order to handle multiple materials, our algorithm relies on an initial preprocessing step of segmenting out differing regions. We use a simple image segmentation approach that works on greedily building up neighboring regions of similar pixel values. In brief, we propagate a queue with all potential peaks as seeds of their own material. Peaks are pulled off the queue and a breadth first traversal is used to grow regions by queueing neighboring pixels if their material values are similar enough to the head of the queue. If a pixel has multiple material regions it could join, it joins the material to which it most closely matches intensity. Any neighboring pixels that are not within the material threshold of their neighbors are processed last in a separate queue. These initially unmatched pixels are processed by again checking for possible neighboring regions to join (after the initial regions have been grown), otherwise a new material is created and propagation proceeds as before. See Figures 3, 4, 5 for examples of the image segmentations created with this method.
Computing the Intensity Range for a Material
Once regions have been created, we must compute the intensity range for each material (or region). Computing the maximum intensity for a material that contains a peak is straight forward, for example, our algorithm simply iterates over every pixel to determine the maximum intensity value. However, if a region does not have a peak, the point with the highest intensity value will not correlate to a flat area as when a peak is present. Most regions do have peaks, however, to determine maximum intensity values for regions without peaks we have to use information about neighboring regions. For example, we use the below algorithm, assuming the following preconditions: Region A neighbors region B; Region A has a computed maximum intensity, region B does not and assuming that the transition between region A and region B is continuous.
Algorithm:
1. Find two border points on the transition between region A and region B. 
Whereas the transition between the regions is continuous we formulate the following linear constraint about the intensity values of the points:
A bp A i = B bp B i(2)
Summary of Algorithm
The following is an outline for the combined technique that takes advantage of all the solutions discussed previously. Preconditions:
1. The surface to be modeled must be captured into two images with slightly different view directions.
The distance between the views (camera position) as well as the focal length must be known.
There is a single light source and the scene is captured from a far enough distance away such that the light source is effectively at the optical center of each view.
Algorithm:
1. Process one of the two images for possible peaks as described above. 
Use stereopsis to compute depths of the possible peaks as in
RESULTS
The implementation of our algorithm was done in C# using OpenGL. Tests were run on an AMD Athlon XP 3200+ 2.0 GHz processor using 320 by 240 input images. Figure 3 
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